Homogenates of the Aplysia nervous system contain protein kinase activities sensitive to CAMP, cGMP, and Ca*+/calmodulin.
Recent physiological experiments with molluscan neurons have suggested a role for protein phosphorylation in the control of the electrical activity of these cells. It has been shown that intracellular injection of the catalytic subunit of CAMP-dependent protein kinase into several different Aplysia neurons increases the duration of the action potential (Kaczmarek et al., 1980; Castellucci et al., 1980) . In Helix neurons, internal perfusion with the same enzyme increases a specific K+ conductance (DePeyer et al., 1982) . Furthermore the intracellular injection of a specific inhibitor of CAMP-dependent protein kinase blocks the effect of serotonin on another K' conductance in Aplysia neuron R15 (Adams and Levitan, 1982) .
Most in uivo biochemical studies of protein phosphorylation in Aplysia have involved labeling of ganglia or bag cells with 32Pi (Levitan and Barondes, 1974; Levitan et al., 1974; Paris et al., 1981; Jennings et al., 1982) . More recently it has become possible to examine phosphorylation in single cells in vivo following the intracellular injection of [T-~~P]ATP (Lemos et al., 1982 (Lemos et al., ,1984 . Among the advantages of this technique is the possibility of monitoring the cell's physiological properties during the labeling period, and directly relating changes in specific phosphoproteins to changes in membrane conductance. Using this method we have described several proteins in the identified neuron R15 whose phosphorylation state is affected by serotonin, concomitant with the serotonin-induced increase in K' conductance in this cell (Lemos et al., 1982) .
Although this in vivo methodology is important for the identification of phosphoproteins which may be involved in the regulation of neuronal membrane properties, the small amounts of material available and the difficulty of the experiments preclude a detailed biochemical analysis of these phosphoproteins and their protein kinases in vivo, and for this purpose in vitro techniques are more appropriate.
CAMP-dependent protein phosphorylation has been described in Aplysia nervous system extracts (Jennings et al., 1982; Levitan and Norman, 1980) , and effects of cGMP on protein phosphorylation in homogenates (Levitan and Norman, 1980) and nerve root membranes (Ram and Ehrlich, 1978) have been published. In addition substrates for an endogenous membrane-associated Ca'+/ calmodulin-dependent protein kinase have been described in Aplysia ganglia (Novak-Hofer and Levitan, 1983; DeRiemer et al., 1984) . In this report, Aplysia nervous system protein kinases and their substrates are studied in more detail. We show that a cGMP-dependent protein kinase can be separated from CAMP-dependent protein kinase by ion exchange chromatography. Furthermore, in addition to the membrane-bound Ca'+/ et al.
calmodulin-dependent protein kinase described previously (Novak-Hofer and Levitan, 1983) , there also exists a soluble Ca*+/ calmodulin-dependent enzyme. Finally, the membrane-bound and soluble phosphoproteins that are regulated by CAMP and Ca2+ in vitro are analyzed by two-dimensional gel electrophoresis, and are compared with phosphoproteins affected by CAMP within neuron R15 in vivo.
Vol. 5, No. 1, Jan. 1985 Materials and Methods High speed (100,000 x g) supernatants or DE52-cellulose column fractions, prepared as previously described, were placed in a boiling water bath for 3 min and then centrifuged at 12,000 x g for 15 min to remove precipitated material. The 12,000 x g supernatants were dialyzed against H20, and were tested for their ability to stimulate the activity of a calmodulin-free CAMP phosphodiesterase partially purified from beef heart according to Ho et al. (1976 Lemos et al. (1982) . Beginning 30 min after the injection, 7 x low4 M 8-benzylthio-CAMP (8-BT-CAMP) was perfused over the ganglion for 20 min. The ganglia were quick-frozen with liquid N, and were homogenized in 50 ~1 of a SDS sample buffer consisting of 0.08 M Tris, pH 6.8,1% glycerol, 2% SDS and 15% P-mercaptoethanol. Afterwards, iO0 ~1 of a solution containing 10% NP40, 4% AmDholines. DH 2 to 11. and 9.5 M urea, together with 55 mg bf solid &ea, was &added. The samples were kept 2 min at 40°C and were then stored at -20°C before they were applied to the isoelectric focusing gel.
Materials

Two-dimensional gel electrophoresis and autoradiography
The first dimension (isoelectric focusing) was performed in lI.O-cm long and 0.25-cm wide glass tubes essentially as described by O'Farrell (1975) .
Sample (150 ~1; about 100 pg of protein) was loaded on the cathode side and isoelectric focusing was performed for about 15 hr at 300 V. The DH gradient was linear from DH 7 to 4. Afterward. the eels were equilidratei with a buffer containing 2% SDS, 5% P-mercaptoethanol in 0.06 M Tris, pH 6.8, for 20 min at 40°C. Then they were either loaded directly on the second dimension gel or were stored at -70°C. In order to determine apparent Pi values for the various proteins listed in Table 1 , the isoelectric focusing gel was cut into 5-mm pieces, the pieces were eluted for 60 min with distilled water, and the pH of the eluate was measured.
The was performed for about 7 hr at 100 V. After electrophoresis, the gels were stained and destained as described (Novak-Hofer and Levitan, 1983) and then were dried and exposed to Kodak X-Omat x-ray film using Kodak regular intensifying screens.
Results
Separation of CAMP-, cGMP-, and Ca*+-dependent protein kinase activities from extracts of the Aplysia nervous system
It has been shown that CAMP and cGMP derivatives stimulate protein kinase activity in homogenates from Aplysia ganglia (Levitan and Norman, 1980) . In order to determine whether the two nucleotides are activating the same or different protein kinases, soluble extracts (20,000 or 100,000 X g supernatants) were subjected to DE-cellulose chromatography and the fractions were assayed for protein kinase activity. Figure 1 shows the elution pattern of such a column, with a cGMP-dependent protein kinase activity eluting in the wash with KEM buffer, whereas a CAMP-dependent protein kinase activity elutes with 0.125 M NaCl. To determine the cyclic nucleotide specificity of the protein kinase activities, the two peaks were tested with different concentrations of CAMP and cGMP (Fig. 2) . The CAMP-dependent protein kinase shows some stimulation by cGMP concentrations above 10m7 M ( Fig. 2A) , whereas the cGMP-dependent protein kinase is not stimulated by CAMP concentrations as high as 2 x lO-'j M (Fig. 2B) . The CAMPdependent enzyme shows maximal stimulation with about 20 nM CAMP, whereas the cGMP-dependent protein kinase activity has a lower affinity for cGMP (K, about 1 pM) and maximal stimulation at about 60 HM cGMP. Both the CAMP-and cGMPdependent activities were stable for at least 1 week at 4°C.
To confirm that the two activities represent two distinct enzymes, we tested the effects of the regulatory subunit of CAMP-dependent protein kinase added to the assay. Table I ). Levitan, 1983) , and it was of interest to determine whether a soluble Ca*+-dependent protein kinase is also present as has been reported to be the case in brain (Schulman and Greengard, 1978, Kennedy and Greengard, 1981) . When soluble fractions (20,000 or 100,000 X g supernatants) are subjected to DE-cellulose chromatography, a Ca'+-dependent protein kinase eluting at 0.5 M NaCl can be separated from the CAMP-dependent protein kinase. A similar ion exchange column was used as the initial step in the purification of a soluble Ca2+/calmodulin-dependent protein kinase from rat brain (Bennett et al., 1983) . To investigate the dependence of the enzyme activities on calmodulin, we examined the effects of Ca2+, calmodulin, and the calmodulin-binding drug t-flupenthixol on the protein kinase activity of soluble fractions and of the CAMP-dependent and Ca'+-dependent protein kinase peaks after DE-cellulose chromatography.
Both Ca2+ and CAMP stimulate the protein kinase activity in soluble fractions (Fig. 3A, 2 0.6r3,and 5). Fifty ~.LM flupenthixol inhibits the Ca*+-dependent activity by about 50% (Fig. 3A, 4) , and does not affect CAMPdependent activity (Fig. 3A, 6 ). If calmodulin is added in addition to Ca2+, no further stimulation is seen (Fig. 3A, 3 ), suggesting the presence of endogenous calmodulin in this crude preparation.
This was further tested by examining the effects of boiled Aplysia extracts on a partially purified CAMP phosphodiesterase from beef heart. The results (not shown) indicate that Aplysia does contain a soluble heat-stable factor which can stimulate phosphodiesterase activity in the presence of Ca*+, and which is inhibited by flupenthixol. If this factor is indeed calmodulin, its concentration in Aplysia ganglia is in the range 0.5 to 2.5 PM, comparable to that in other species. Saitoh and Schwartz (1983) have recently described the purification of calmodulin from the Aplysia nervous system. Figure 3B shows that Ca*+ (2) and Ca2+/calmodulin (3) do not affect the activity of the CAMP-dependent protein kinase peak, whereas CAMP (5) stimulates its activity. Fig. 3C shows activities of the Ca'+-dependent protein kinase peak. In contrast to the CAMP-and cGMP-dependent protein kinases, the Ca2+-dependent enzyme is quite unstable; there are activity losses during chromatography and the activity cannot be stored longer than 24 hr after chromatography.
Overall activity is about 10 times lower than in the CAMP-dependent peak (note the different scales in 3B and 3C), and CAMP has no effect on the activity of this protein kinase (5). Ca2+ alone (2) is present during the last 20 min of the labeling period, the phosphoprotein pattern is changed, the phosphorylation of some proteins being stimulated while others (proteins 1 and 2) are inhibited (Fig. 4B) . Table I lists nine proteins that are in vivo substrates for CAMP-dependent protein kinase in this cell, ranging in isoelectric points from 4.7 to 6.7 and with M, values between 230,000 and 26,000. Many of these substrates are also affected in vivo by application of neurotransmitters or synaptic stimulation of neuron R15 (Lemos et al., 1982; 1984) . Proteins 8 and 17 are particularly interesting, because they correspond to the serotonin-dependent in vivo phosphoproteins S70 and S29, which are associated with serotonin activation of a specific potassium channel in neuron R15 (Lemos et al., 1984) .
Substrates for CAMP-dependent protein kinase in vitro in homogenates from the Aplysia nervous system. The effects of CAMP on protein phosphorylation in homogenates were studied in preparations that were dialyzed against KEM buffer as described in "Materials and Methods," and the phosphoproteins were separated by two-dimensional gel electrophoresis to allow direct comparison with the phosphoproteins detected in neuron R15 in vivo. Dialysis was necessary in order to obtain stimulation by cyclic nucleotides, and the degree of stimulation was nevertheless somewhat variable. Only effects that were seen consistently are included in Table I . Basal phosphorylation in such homogenates (Fig. 5A) shows many of the major in viuo phosphoproteins such as 1, 2,3, 5, 10, and 12; however, other spots are present that do not correspond to in vivo substrates.
The effect of CAMP on protein phosphorylation in homogenates (Fig. 5B) was compared with its effect on phosphoproteins in neuron R15 (Fig. 4B ). This comparison shows that a number of proteins are substrates for CAMP-dependent protein kinase both in vivo and in vitro (proteins 6, 7, 8, 11, 17, and 18) . In addition, the inhibition of phosphorylation of protein 2 is also observed both in vivo and in vitro (compare Figs. 4B and 5B). These results indicate that it will be possible to further characterize a number of in uivo targets of CAMP-dependent . Effects of CAMP on endogenous phosphorylation in KEM-dialyzed homogenates: autoradiographs of two-dimensional gel electrophoretic separations of phosphoproteins. The phosphorylation assay was performed with 200 pg of protein as described under "Materials and Methods." Additions to the standard incubation mixture were 2.5 mM EGTA in A and EGTA + 10 pM CAMP in B. Samples were analyzed by two-dimensional gel electrophoresis as described under "Materials and Methods." The numbers on the left side of the gels are the apparent molecular weights X 10e3 of standard proteins.
protein kinase in vitro in homogenates or subcellular fractions. cGMP-dependent protein phosphorylation in homogenates is more restricted than CAMP-dependent protein phosphorylation. Fewer proteins are affected by cGMP, and the phosphorylation of all of them is also changed by CAMP (data not shown).
Substrates for Ca'+/calmodulin-dependent protein kinases in vitro in Aplysia homogenates and subcellular fractions. We have previously described an endogenous Ca'+/calmodulin-dependent protein kinase in membranes from the Aplysia nervous system (Novak-Hofer and Levitan, 1983) . Some of its substrates are also substrates for CAMP-dependent protein kinase. phorylation (E and F). As can be seen by comparing Figs. 4 and 6, many phosphoproteins present in R15 can be substrates for Ca*+/calmodulin-dependent protein phosphorylation in uitro. Ca*+-and CAMP-dependent protein phosphorylation often overlap in vitro as well (Figs. 5 and 6 ). There are however some substrates specific for Ca*+-dependent protein kinases such as proteins 9, 13, 14, 15, and 16.
Discussion
In the Aplysia nervous system, biochemical studies of protein kinases have focused on the CAMP-dependent enzyme (Levitan and Norman, 1980; Jennings et al., 1982; Eppler et al., 1982; Novak-Hofer and Levitan, 1983) since physiological experiments have suggested a role for CAMP-dependent protein phosphorylation in the regulation of certain ion channels (Kaczmarek et al., 1980; Castellucci et al., 1980; DePeyer et al., 1982; Adams and Levitan, 1982) . In addition, Aplysia ganglia contain protein kinase activity sensitive to cGMP (Levitan and Norman, 1980) and to Ca*+/calmodulin (Novak-Hofer and Levitan, 1983; DeRiemer et al., 1984) . We show here that the kinase activities stimulated by CAMP, cGMP, and Ca*+/calmodulin can be separated by ion exchange chromatography, and thus are due to distinct enzyme species. The stimulation of the CAMP-dependent enzyme by high concentrations of cGMP ( Fig. 2A) Figure 6 . Effects of Ca2+/calmodulin on protein phosphorylation in homogenates (A and B), soluble fractions (C and D), and EGTA-washed membranes (E and F): autoradiographs of two-dimensional separations of phosphoproteins. One hundred pg of protein was phosphorylated with the following additions to the standard incubation mixture: A, C and E, 2.5 mM EGTA (controls); B and D, 3 pM free Ca*' (100 pM EGTA, 89 PM CaCLJ; F, 3 pM free Cal+ + 156 nM calmodulin. Samples were analyzed by two-dimensional gel electrophoresis. The molecular weights x lOma of standard proteins are listed at the left side of the gels. Greengard, 1974) . On the other hand, the selective inhibition of the CAMP-dependent activity by the regulatory subunit of CAMP-dependent protein kinase argues strongly that it is distinct from the cGMP-dependent activity. The subcellular distribution of the CAMP-dependent kinase activity is somewhat surprising. In contrast to the situation in vertebrate brain (Walter and Greengard, 1981) , the activity is either soluble or is only loosely bound to membranes. A similar finding has been reported for the nervous system of the land snail Helix (Bandle and Levitan, 1977). Although it is possible et al. Vol. 5, No. 1, Jan. 1985 that our homogenization conditions lead to solubilization of an enzyme which is normally membrane-associated in uivo, a Ca2+/ calmodulin-dependent kinase remains tightly bound to the membranes under identical conditions (Novak-Hofer and Levitan, 1983) . Furthermore these membranes contain a number of substrates for exogenously added catalytic subunit (NovakHofer and Levitan, 1983 ). Thus, it is possible that the phosphorylation state of ion channels, which are integral membrane proteins, may be regulated by a cytoplasmic protein kinase in this system. The subcellular distribution of the Ca*+/calmodulin-dependent protein kinase activity is more similar to that in vertebrate brain (Kennedy and Greengard, 1981) , since we were able to detect both soluble and tightly membrane-bound activities. It is not yet clear whether these two activities are due to two distinct enzyme species.
The two-dimensional gel analysis demonstrates that a large number of membrane and soluble proteins can act as substrates in vitro for the endogenous CAMP-dependent and Ca2+/calmodulin-dependent protein kinases. In contrast, the substrates for the cGMP-dependent enzyme are more limited. We were unable to detect any specific substrates for cGMP-dependent protein kinase, that is, proteins whose phosphorylation is stimulated by cGMP but not CAMP, as has been found in brain (Schlichter et al., 1978) . It is possible that CAMP is affecting these substrates by stimulating the cGMP-dependent kinase under the conditions of this assay, although this is not supported by our finding that the enzyme is selective for cGMP after ion exchange chromatography.
In any event it seems likely that specific substrates for cGMP-dependent kinase do exist, since cGMP can have effects on neuronal electrical activity very different from those of CAMP (Levitan and Norman, 1980) .
In comparing Ca'+/calmodulin-dependent phosphorylation with CAMP-dependent phosphorylation, many common substrates for the two protein kinases are found in the Aplysia nervous system (Novak-Hofer and Levitan, 1983; DeRiemer et al., 1984) . These observations are confirmed by analysis of Ca2+ and CAMP-dependent phosphoproteins with two-dimensional gel electrophoresis (compare Figs. 5 and 6). Such substrates may be a point where the CAMP and Ca*+ second messenger systems interact, and in view of these findings it will certainly be of interest to investigate Ca*+/calmodulin-dependent protein phosphorylation in viuo. However, some substrates specific for each of the two kinases can also be seen, such as proteins 14 and 15, which are only phosphorylated by Ca*+/calmodulindependent protein kinase and proteins 2, 3, 6, 7, 8, and 17, which are selective substrates for CAMP-dependent protein kinase.
Proteins phosphorylated in cell-free extracts in vitro are not necessarily substrates for protein kinases in uiuo. Homogenization may eliminate compartmentalization, allowing proteins to be phosphorylated by kinases to which they are not exposed in vivo. On the other hand some proteins may be substrates in vivo but not in uitro. Thus we compared the phosphoprotein pa.ttern in vitro with that observed in a single neuron (cell R15) in uiuo following the intracellular injection of [y-32P]ATP. Of the 11 phosphoproteins whose phosphorylation is altered in uiuo by application of 8-BT-CAMP to the injected cell, at least seven are also affected by CAMP in vitro under the present conditions.
In addition, if homogenates are dialyzed against MOPS/Ca*' buffer (not shown) instead of KEM buffer (Fig.  5) , at least two more of the in vivo phosphoproteins (13 and 16) also are sensitive to CAMP in uitro. However several high molecular weight proteins which are observed routinely in viuo in neuron R15 (Fig. 4 ; Lemos et al., 1982 Lemos et al., , 1984 do not appear to be phosphorylated in uitro, either in the presence or absence of CAMP. These discrepancies between the in uivo and in vitro patterns may be due in part to the fact that the in vivo experiments were done on a single cell, whereas the in vitro experiments involved the entire nervous system. In addition, compartmentalization (as discussed above) may play a role. On the other hand, the similarities between the two systems indicate that the in vitro experiments will indeed be useful in testing the hypothesis (Greengard, 1978) that neuronal activity can be regulated by protein phosphorylation.
It should be possible to identify phosphoproteins important for physiological regulation in vivo, and subject these phosphoproteins to detailed biochemical analysis in uitro.
